The ATFa proteins, which are members of the CREB/ ATF family of transcription factors, have previously been shown to interact with the adenovirus E1a oncoprotein and to mediate its transcriptional activity; they heterodimerize with Jun, Fos or related transcription factors, possibly altering their DNA-binding speci®city; they also stably bind JNK2, a stress-induced protein kinase. Here we report the identi®cation and characterization of a novel protein isolated in a yeast two-hybrid screen using the N-terminal half of ATFa as a bait. This 1306-residue protein (mAM, for mouse ATFa-associated Modulator) is rather acidic (pHi 4.5) and contains high proportions of Ser/Thr (21%) and Pro (11%) residues. It colocalizes and interacts with ATFa in mammalian cells, contains a bipartite nuclear localization signal and possesses an ATPase activity. Transfection experiments show that mAM is able to downregulate transcriptional activity, in an ATPase-independent manner. Our results indicate that mAM interacts with several components of the basal transcription machinery (TFIIE and TFIIH), including RNAPII itself. Together, these ®ndings suggest that mAM may be involved in the ®ne-tuning of ATFaregulated gene expression, by interfering with the assembly or stability of speci®c preinitiation transcription complexes.
Introduction
The generation of cell type diversity development, growth control and the response of individual cells to changes in their environment implicate tightly regulated mechanisms of temporal and spatial gene expression. In eukaryotic cells, dierential gene expression is mainly controlled at the level of transcription. The initial step of protein gene expression involves the recruitment of RNA polymerase II (RNAPII) together with general transcription factors (GTFs) to the promoter (Orphanides et al., 1996; Roeder, 1996) . In addition, a number of regulatory factors modulate the eciency of transcription initiation by acting on chromatin accessibility and/or by directly aecting the activity of the basal transcription machinery (Ashraf and Ip, 1998; Workman and Kingston, 1998) . Both activating and repressing proteins coordinately contribute to the ®nal level of speci®c gene expression.
Transcriptional repression of eukaryotic gene expression has been appreciated relatively recently (for reviews see Levine and Manley, 1989; Cowell, 1994; Johnson, 1995; Hanna-Rose and Hansen, 1996; Kingston et al., 1996; Kadonaga, 1998) . Proteins have been characterized that modulate the chromatin state and may thereby negatively act on template accessibility to the transcription machinery. These include the silencing proteins in yeast (Orlando and Paro, 1995) , the Polycomb group gene products in Drosophila (Simon, 1995) or the methylated-DNA-binding proteins in vertebrates (Zhang et al., 1986; Nan et al., 1997) all of which create a repressive chromatin state, as opposed to multiprotein complexes like the yeast SWI/SNF and their metazoan homologues (Winston and Carlson, 1992; Tsukiyama and Wu, 1995) which increase nucleosome mobility (Kingston et al., 1996; Kadonaga, 1998) .
Besides these molecules which may be considered as mediators of an epigenetic control of gene expression, repressors acting directly either on enhancer-bound proteins or on the basal transcription machinery have been identi®ed and fall into two broad classes: (i) passive repressors which compete for the target of DNAbinding transcriptional activators or alter their binding activity (MyoD/Id, c-Jun/JunB) (Dias et al., 1994; Langlands et al., 1997; Mechta et al., 1997) or their activating properties (Gal4/Gal80) (Lohr et al., 1995) ; (ii) active repressors which operate through proteinprotein interactions with components of the basal or activated transcription apparatus, thereby preventing the assembly of functional pre-initiation complexes or mediating the formation of frozen complexes.
The molecular targets of this latter category of repressors may be GTFs, activators or co-activators and co-repressors. Even-skipped (Li and Manley, 1998) , MOT1 (Auble and Hahn, 1993; Auble et al., 1994 Auble et al., , 1997 and Dr1 (Han and Manley, 1993; Yeung et al., 1994) are examples of repressor proteins that interact with TBP, while KruÈ ppel and Engrailed (Zuo et al., 1991; Han and Manley, 1993; Licht et al., 1993) interact with TFIIE. RBP is a cellular repressor with speci®c DNA-binding activity which, in addition, contacts two coactivators (TAFII110 and TFIIA) and subverts activated transcription by interfering with the optimal interaction between these factors (Dou et al., 1994; Olave et al., 1998) . Co-repressors are proteins that bridge repressors and their ultimate target, thereby reinforcing speci®c binding. Receptors for thyroid hormone (TR) and retinoic acid (RARa) can repress gene-speci®c transcription by interacting with corepressors (SMRT and N-Cor) which bind liganded and/or unliganded receptors (Li et al., 1997) . N-Cor also represses Gal4-VP16 mediated transactivation by interacting directly with GTFs (TFIIB, TAFII32 and TAFII70) (Muscat et al., 1998) .
The ATFa proteins belong to the ATF/CREB family of transcription factors. All three isoforms (ATFa1, 2 and 3) (Gaire et al., 1990; Chatton et al., 1993) mediate transcriptional activation by the largest adenovirus E1a protein by recruiting it to the promoter of target genes (Chatton et al., 1993) . In addition they modulate the activity and DNA-binding speci®city of Jun, Fos and related transcription factors, through formation of heterodimers, thereby aecting transcriptional eciency of speci®c target genes (Chatton et al., 1994) . Co-immunoprecipitation experiments revealed that the Jun N-terminal Kinase 2 (JNK2), originally found to be associated with Jun, also binds to ATFa (Bocco et al., 1996) which has recently been shown to provide a docking site to this kinase, thus facilitating subsequent phosphorylation of ATFa partners like JunD (De Graeve et al., 1999) . To identify additional partners of ATFa, we have screened a mouse embryo cDNA library, using a yeast two-hybrid system (Fields and Song, 1989) . We now describe one of the proteins identi®ed by this assay, the murine ATFa-associated Modulator (mAM), a novel protein with a transcription regulatory potential. The mAM protein interacts and colocalizes with ATFa in mammalian cells. Its nuclear localization signal has been delineated and its expression pattern during mouse development has been characterized. Finally, we present evidence suggesting that it acts as a transcriptional repressor and that its ATPase activity is not involved in this function.
Results

Isolation and characterization of the full-length mAM cDNA
In order to identify polypeptides interacting with the ATFa transcription factor, a two-hybrid screen in yeast was applied to a mouse cDNA fusion library, using the 60% N-terminal portion of ATFa as a bait. The available human ATFa sequence was used in the screening since the amino acid identity between the human and mouse ATFa sequences was greater than 90% (reaching 100% in regions corresponding to the functional domains), as revealed by comparison between the human ATFa cDNA and mouse EST sequences in databases (A Bahr and B Chatton, unpublished observation). The N-terminal portion of ATFa lacking the leucine-zipper (bZIP) was chosen to avoid potential interactions with other bZIP-containing molecules.
Among the positive clones that were selected, one harboured a partial cDNA encoding a 768-residue polypeptide (extending between residues 538 and 1306, Figure 1) . The complete open reading frame of this cDNA (EMBL accession number AJ132702) was reconstructed from additional overlapping cDNA isolates, generating a sequence that encodes a polypeptide of 1306 residues (calculated MM=138 487 Da) which we named mAM (Figure 1 ). Data bank queries revealed part of a human homologue of mAM (p621; EMBL accession number AJ242978) that had recently been isolated by M Gunther, M Laithier and O Brison (IGR, Villejuif). In addition, detection of ESTs with partial homology to mAM (70 ± 100% identity for 35 ± 156 nt sequence segments) revealed expression in Drosophila, Caenorhabditis, zebra-®sh, mouse, rat, human, as well as in several cell lines and tissues.
Close examination of the mAM peptidic sequence revealed some remarkable features. The calculated isoelectric point of the protein is 4.48, with most acidic residues concentrated within the N-terminal half of the protein (together, the number of Asp and Glu residues amount to 22.5% of the ®rst 700 amino acids of mAM). The overall content of Ser and Thr residues is quite elevated (21% of the total residues) and, in contrast to the acidic residues, these potential phosphoacceptors are more or less evenly distributed. A high proportion of Pro residues (11%) is also apparent, distributed in two large Pro-rich domains: Figure 1 Predicted peptide sequence of the mAM protein. The 1306 amino acid sequence (single letter code with numbering on the left) was deduced from the nucleotide sequence of the open reading frame of the reconstructed cDNA (EMBL accession number AJ132702) that was isolated from the two-hybrid screen using ATFa as a bait. Major features mentioned in the text are positioned on the sequence: a ®vefold repeat of PA/VSDN is underlined; conserved residues of a putative ATP binding site are highlighted; essential residues of a potential nuclear localization signal are underlined twofold; the longest Pro-free sequence is bracketed An ATFa-associated transcription repressor F De Graeve et al the N-terminal (56 Pro) and C-terminal (88 Pro) halves of the molecule, separated by a Pro-free stretch of 120 residues (bracketed in Figure 1 ). A sequence element (Pro-Ala/Val-Ser-Asp-Asn) of unknown function is repeated ®ve times between positions 131 and 162. A putative Walker-type ATP binding site (ABS) was also found in the N-terminal region of the mAM protein (residues highlighted in Figure 1 ) (Walker et al., 1982) .
The mAM protein associates and colocalizes with ATFa in vivo
Monoclonal antibodies raised against the N-terminal part of mAM were used to visualize the endogenous mAM protein in P19 mouse cells. As revealed by immuno-detection (Western-blotting), either directly on whole cell extracts ( Figure 2A , lane 4) or after speci®c immunoprecipitation ( Figure 2A , lane 2), mAM migrates as a protein with an apparent MM of about 180 kDa. The endogenous protein comigrates with the major band of the recombinant mAM protein expressed from a baculovirus vector in insect cells ( Figure 2A , lane 1). In addition to the major band at 180 kDa, the antibody also revealed faster migrating products, most likely corresponding to incomplete or partially degraded forms of the protein. As expected, no signal was detected when immunoprecipitation was performed with unrelated anti-E1a antibodies ( Figure  2A , lane 3).
To con®rm the interaction between mAM and ATFa as revealed by the yeast two-hybrid system, we examined the ability of the two proteins to associate within their natural cellular context. To this end, whole cell extracts from P19 cells were submitted to immunoprecipitation with antibodies directed against the mAM ( Figure 2B , lanes 1 and 4) or ATFa ( Figure  2B , lanes 2 and 5) proteins. The immune complexes were analysed by Western-blotting, ®rst using the antimAM antibodies ( Figure 2B , lanes 1 ± 3). The same blot was then reprobed with the anti-ATFa antibodies ( Figure 2B , lanes 4 ± 6). As shown in Figure 2B (lane 4), the ATFa protein was clearly detected in the antimAM precipitate, whereas no signal was observed after immunoprecipitation with an unrelated antibody, used as a negative control (anti-E1a; Figure 2B , lane 6). By contrast, we have been unable to visualize mAM within the immune complexes recovered after precipitation with anti-ATFa antibodies ( Figure 2B , lane 2). One possible reason for this lack of detection might be an insucient sensitivity of the anti-mAM antibodies used in the detection of the coprecipitated endogenous mAM protein. To circumvent this possibility, both ATFa and mAM proteins were overexpressed in insect cells after coinfection with appropriate recombinant baculoviruses ( Figure 2C , lane 1). Extracts were prepared, precipitated with anti-ATFa antibodies and the immune precipitates were analysed by Westernblotting. As shown in Figure 2C (lanes 3 and 4), both recombinant proteins could now be detected, indicating that mAM was coprecipitated with ATFa. The speci®city of this coprecipitation reaction was veri®ed by treatment of the same extracts with an unrelated antibody (anti-E1a; lane 2): while some non-speci®c binding of ATFa to the agarose beads was observed, no signal was detected at the mAM position. Taken together, these results strongly suggest that the fulllength ATFa and mAM proteins are members of a common complex, thus con®rming the interaction Figure 2 Interaction between mAM and ATFa. (A) Extracts (1 mg) from P19.6 cells were immunoprecipitated (IP) with the anti-mAM (a-mAM, lane 2) or control anti-E1a (a-E1a, lane 3) monoclonal antibodies as described in Materials and methods. The immune complexes were separated by SDS ± PAGE, next to total lysates from P19.6 cells (100 mg, lane 4) and from Sf9 cells that had been infected with a mAM-expressing baculovirus (20 mg, lane 1). The endogenous mAM protein was revealed by Western-blotting (WB), with the anti-mAM antibodies, using the ECL detection system (Amersham) and peroxydase-conjugated goat anti-mouse-k-light-chain antibodies. The arrowhead points to the expected position of mAM (180 kDa). Numbers on the right refer to positions of molecular size markers (kDa). (B) Extracts (10 mg) from P19.6 cells were immunoprecipitated with anti-mAM (lanes 1 and 4), anti-ATFa (a-ATFa, lanes 2 and 5) or as a control, with anti-E1a (lanes 3 and 6) monoclonal antibodies. The immune complexes were analysed as in (A) by Westernblotting, with anti-mAM (left panel). The same blot was subsequently reacted with anti-ATFa monoclonal antibodies (right panel). The signal at the position of the mAM protein is a remnant from the previous mAM probing. Arrowheads point to bands corresponding to the endogenous mAM and ATFa proteins. (C) Sf9 cells were coinfected with mAM-and ATFaexpressing recombinant baculoviruses. About 48 h post-infection, extracts (0.4 and 0.8 mg) were immunoprecipitated with antiATFa (lane 3 and 4, respectively) or (0.8 mg) as a control, with anti-E1a (lane 2). The precipitates were analysed as in (A) by Western-blotting, with anti-mAM and anti-ATFa monoclonal antibodies. Arrowheads point to bands corresponding to the overexpressed mAM and ATFa proteins between the two proteins revealed by the two-hybrid screen in yeast.
ATFa has previously been shown to be targeted to the cell nucleus and its nuclear localization signal (NLS) has been identi®ed . Since mAM and ATFa could be found associated in cellular extracts, we examined the subcellular distribution of mAM to con®rm its colocalization with ATFa. Immuno¯uorescence analysis of P19 cells with our anti-mAM monoclonal antibodies revealed that the endogenous mAM protein was indeed con®ned to the nucleoplasm of the cell nuclei ( Figure 3A , red staining in panel a). To determine the respective location of mAM and ATFa within the nucleus, the two proteins were overexpressed in COS-7 cells and visualized by speci®c immuno¯uorescence staining ( Figure 3B ). As expected , ATFa accumulated within the nucleoplasm of transfected cells ( Figure  3B , red staining in b). Coexpressed mAM was also targeted to the nucleoplasm ( Figure 3B , green staining in a) and largely colocalized with the ATFa protein ( Figure 3B , yellow staining in c). Together with the results of the coimmunoprecipitation studies (Figure 2 ), these observations further support the conclusion that the two proteins interact with each other, inside the cell.
The nuclear localization signal of mAM
In an attempt to map the peptidic element (NLS) mediating mAM nuclear location, we constructed a set of deletion mutants of an HA epitope-tagged version of mAM ( Figure 4A ) and determined their location by speci®c immunostaining, after expression in COS-7 cells. A comparative analysis of the results ( Figure 4B , a ± f) allowed to position such an element between amino acids 302 and 753. Closer examination of this peptidic region revealed the presence of a putative bipartite NLS with basic residues (RRKRSK and RRR; Figure 4C ) separated by ten amino acids. To con®rm that this sequence was a functional NLS, we PCR-ampli®ed this coding region and cloned it in-frame with the GST moiety that had previously been shown to be cytoplasmic . As anticipated, the resulting fusion protein was targeted to the nucleus ( Figure 4B , compare g and h).
The putative ATP binding site (ABS; see Figure 1 ) of mAM is also comprised between residues 302 and 753. To rule out any potential contribution of this element to the nuclear targeting of mAM, a deletion removing a critical Lys residue of the ABS motif (Fraser et al., 1997) was created, generating the ABSD mutant. As revealed by immunostaining, alteration of this ABS had no detectable eect on the nuclear transport of mAM ( Figure 4B , compare a and b), further supporting the location of the functional NLS as de®ned above ( Figure 4C ).
Expression pattern of mAM and ATFa during mouse embryogenesis
In situ hybridization experiments were performed on cryosections of mouse conceptuses at 9.5, 11.5, 14.5 and 16.5 days post-coitum (dpc), using a 35 S-labelled antisense riboprobe. A control probe which was transcribed from the same DNA template in the sense orientation and used on adjacent histological sections in the same experiments did not show any preferential labelling (data not shown). The mAM gene exhibited a rather ubiquitous pattern of expression at all stages studied. Nonetheless, mAM transcripts were clearly overexpressed in some embryonal tissues ( Figure 5 ) and in some adult organs (not shown). While at 9.5 d.p.c., mAM was transcribed ubiquitously ( Figure  5A ), embryos at 11.5 d.p.c. showed widespread but uneven signals: strong labelling was observed in the brain, the spinal cord and the somitic mesoderm ( Figure 5B ). At 14.5 d.p.c., strong expression of mAM persisted in the central nervous system, mainly the forebrain, and was also detected in peripheral nervous system elements such as the dorsal root ganglia and cranial nerve ganglia (not shown). Strong expression of mAM was also seen in the epithelia of the inner ear, the Eustachian tube, the nasal cavities, the stomach, the intestine, the tongue and the Figure 5C and data not shown). Strong labelling was also seen in the lung, the myocardium, the liver ( Figure 5C ), the neuroepithelium of the retina, the thymus and the kidney (data not shown). In 16.5 d.p.c. fetuses, strong expression of mAM was found in the same tissues as well as in the laryngeal tissues, the salivary glands, the epithelium of the tooth buds, the brown fat cells of the neck and the testis seminiferous tubules ( Figure 5D ). In the eye, the signal was limited to the internal layer of the retina (data not shown).
In situ hybridization was also performed on some adult mouse tissues, where preferential mAM labelling was found in the squamous and glandular epithelium of the stomach, the pseudostrati®ed epididymis and ductus deferens epithelia, and in speci®c areas of the brain (hippocampus, dentate gyrus); expression was also observed in the epithelial cells of the tongue, the intestine, the uterus, in the lymphoid and stromal cells of the spleen and in the testis seminiferous epithelium (data not shown).
Close comparison between the expression patterns of mAM ( Figure 5 ) and ATFa (and results not shown) revealed that the distribution of both transcripts were very similar, with only minor dierences. These results, which further support our conclusion that the two proteins interact, indicate that mAM and ATFa might play a critical role during embryogenesis and in adult organs, although their precise contribution remains to be established.
The mAM protein exhibits ATPase activity
The presence of a putative ABS element in the mAM sequence (see Figure 1 ) prompted us to search for a mAM-associated ATPase activity. To this end, vectors expressing an HA epitope-tagged version of the wild type (wt) mAM protein or a deleted version (ABSD) lacking a critical element of the ABS motif were transfected into cultured cells. Extracts were prepared and the expressed proteins were immunoprecipitated with anti-HA antibodies. After elution from the antibody with the HA oligopeptide, increasing quantities of the recovered proteins were tested for ATPase activity. As shown in Figure 6 , wt mAM exhibited an ATP hydrolysis activity (roughly, 1 molecule of mAM hydrolysed 1 ± 10 molecules of ATP per s, as estimated under our assay conditions). At equal amounts of wt and ABSD mAM protein, as visualized by immunodetection ( Figure 6B ), deletion of the ABS element severely impaired ATPase activity compared to wt mAM ( Figure 6A ), strongly suggesting that mAM has an intrinsic ATPase activity. In-gel phosphorylation assays (not shown) ruled out the possibility that this activity was linked to a protein kinase function of mAM. We observed however (data not shown) that . About 36 h following transfection, subcellular localization of the recombinant proteins was assessed by immuno¯uorescence microscopy (see Material and methods). Primary antibodies were directed against the HA epitope (a ± f) or the GST protein (g and h). (C) The sequence element (residues 575 ± 613) exhibiting nuclear localization properties is shown with conserved NLS motifs underlined both overexpressed wt and ABSD mAM were associated with contaminating protein kinase activities that were recovered in the immunoprecipitate and may account for the residual 20% background ATPase activity detected in the ABSD samples.
The mAM protein acts as a transcriptional repressor
As reported earlier (Chatton et al., 1994) , the fulllength ATFa proteins exhibit only marginal transcriptional activity, despite the presence of a bona ®de activation domain within their N-terminal portion. Experimental evidence indicated that deletion of the Cterminal part of ATFa resulted in the unmasking of this activation domain, thereby leading to maximal stimulation of target gene transcription (Chatton et al., 1993 (Chatton et al., , 1994 De Graeve et al., 1999) . It has also been shown that the full-length ATFa can associate with members of the Jun family through their leucine-zipper domain: the resulting heterodimers were strong transcriptional activators and, within this ATFa/Jun partnership, the Jun moiety was predominantly responsible for the activation function (Chatton et al., 1994; De Graeve et al., 1999) .
To examine the potential in¯uence of mAM on the transcriptional properties of ATFa/Jun heterodimers, we tested its eect on a chloramphenicol acetyl transferase (CAT) reporter gene, using the Gal4 protein fusion system (Liu and Green, 1990; Chatton et al., 1994) . F9 cells were chosen as the recipient cells because of their low levels of endogenous Jun proteins ( (Karin, 1991) ; and our unpublished observation).
The cells were transfected with the following recombinant plasmids: (i) a vector expressing the full-length ATFa protein fused to the Gal4 DNAbinding domain (G4-ATFa), (ii) a JunD expression vector, (iii) the G4-TK-CAT reporter, (iv) a vector expressing either the wt or the ABSD mAM, or the corresponding empty vector. The results of these experiments are summarized in Figure 7A . As expected, cotransfection of JunD with G4-ATFa resulted in a tenfold stimulation of reporter activity ( Figure 7A , compare columns 1 and 2). More strikingly, coexpression of mAM systematically resulted in a reduction of the level of stimulated reporter activity ( Figure 7A, column 3 ). Under our experimental conditions, the average extent of inhibition was around 50% (further raising expression vector input precluded reliable measurements of reporter activity because of transcriptional interferences between transfected plasmids and decreased JunD expression). The same results were obtained when expressing the ABS-altered version of mAM (ABSD, which is still transported to the nucleus; see Figure 4 ) instead of wt mAM ( Figure 7A , columns 3 and 4). We veri®ed that the amounts of G4-ATFa and JunD proteins synthesized in the transfected cells were not aected by coexpression of the mAM proteins ( Figure 7B ). Altogether, these results indicate that mAM acts as a negative modulator of ATFa/JunDactivated transcription. Very similar results were obtained (not shown) when c-Jun or JunB vectors were used instead of JunD. Since, under our experimental conditions, the integrity of the ABS Basal transcription from the Gal4-TK-CAT reporter, as measured in the absence of the G4-ATFa and Jun proteins, was not detectably aected by the mAM proteins ( Figure 7A , columns 5 ± 7), suggesting that ATFa is involved in the recruitment of mAM to the promoter. Consistent with this hypothesis, an ecient downregulation of basal promoter activity was achieved when mAM was directly targeted to the reporter promoter as a fusion with the Gal4 DNAbinding domain ( Figure 7C ). These results clearly indicate that mAM exerts its eect only if tethered to the promoter, in close vicinity with the transcription initiation complex.
Finally, we tested the eect of mAM on a natural promoter and chose the well characterized promoter of the human junD gene (Berger and Shaul, 1994; see Figure 7D ) which harbours three potential binding sites for ATFa: two CRE sites that are bound by ATFa dimers and one TRE site that can be recognized by ATFa/Jun heterodimers (Chatton et al., 1994) . As shown in Figure 7D , cotransfection of a hjunD-CAT reporter plasmid (Berger and Shaul, 1994) with increasing amounts of mAM expression vector resulted in a dose-dependent inhibition of basal reporter activity. Overexpression of ATFa and JunD, in addition to mAM and hjunD-CAT, did not result in higher extents of reporter activity (data not shown). Together, these results con®rm that mAM exerts a negative regulatory eect on a bona ®de promoter. The observation that transfection of the ABSD derivative of mAM resulted in similar levels of reporter repression further indicates that the ATPase activity of mAM is dispensible for this repression, at least under our present assay conditions. Figure 6 The mAM protein has ATPase activity. (A) Vectors expressing the full-length (wt) HA-tagged mAM protein or its ABS-deleted derivative (ABSD) were transfected separately into COS-7 cells. Cellular extracts were prepared and overexpressed proteins were precipitated with anti-HA monoclonal antibodies. After extensive washing, the immunoprecipitated proteins were eluted with HA oligopeptides and assayed for ATPase activity. The results, expressed relative to the wt mAM ATPase activity (100%), are the means of six independent experiments. (B) Samples of proteins used for the ATPase assay were separated by 8% SDS ± PAGE, transferred to nitrocellulose and probed with the anti-HA antibody. Speci®c immune complexes were visualized with the ECL detection system. The arrowhead points to the position of the HA-tagged mAM protein Figure 7 The mAM protein downregulates transcription. (A) F9 cells were co-transfected with the Gal4-TK-CAT reporter (5 mg), and either the chimeric G4-ATFa1 or G4 (7) vectors (1 mg), together with vectors expressing JunD (1 mg) and mAM (wt) or its ABS-deleted derivative (ABSD) or the corresponding empty vector (pTL1) (0.5 mg), as indicated. About 36 h after transfection, the cells were collected and assayed for CAT activity (35 mg protein were used for assays shown in columns 1 and 5 ± 7, and 250 mg were used in columns 2 ± 4). The results, after normalization for protein amounts used per assay (see Materials and methods), were expressed relative to the activity measured in the absence of mAM (pTL1, in columns 1 and 5; 100%). Typically, if absolute CAT value of column 1 was 10, that of column 5 was 0.8. (B) Levels of mAM, JunD and G4-ATFa proteins in extracts corresponding to those used in A (lanes 2 ± 4) were determined by Western-blotting. The mAM (wt or ABSD) and G4-ATFa signals correspond to proteins of extracts prepared from 12 and 2 plates, respectively, that were immunoprecipitated with anti-mAM or anti-ATFa antibodies prior to Western-blot analysis. The JunD signals were obtained after blotting extracts prepared from half a plate. (C) F9 cells were co-transfected with the Gal4-TK-CAT reporter (5 mg), together with either the G4, G4-wt or G4-ABSD vectors (0.5 mg), as indicated. CAT activity was assayed as described above, using 300 mg of protein per assay. The results were expressed relative to the activity measured in the absence of mAM (G4; 100%). Typically, if absolute CAT value of column 2 (A) was 10, that of column 1 (C) was about 1. G4-wt and G4-ABSD were expressed at equivalent levels (not shown). (D) F9 cells were co-transfected with the CAT reporter driven by the human JunD promoter (Berger and Shaul, 1994) (hjunD-CAT; 4 mg), together with vectors expressing the HA epitope-tagged mAM (wt) or its ABS-deleted derivative (ABSD) or the corresponding empty vector (pTL1) at the amounts indicated. About 36 h after transfection, the cells were collected and assayed for CAT activity. After normalization for protein amounts used per assay (see Materials and methods), the results were expressed relative to the activity measured in the absence of mAM (pTL1; 100%). The activity measured with increasing amounts of pTL1 vector remained constant
The mAM protein interacts with several subunits of the TFIIE and TFIIH general transcription factors and RNA polymerase In order to get some insight into the mechanism of the transcriptional modulation mediated by mAM, we investigated the potential interactions of this protein with components of the basal transcription machinery. To this end, Sf9 cells were coinfected with a recombinant baculovirus expressing the HA-tagged mAM protein, together with baculoviruses expressing subunits of various general transcription factors (GTFs) (Figure 8, lane 2) . In control experiments, the cells were infected only with viruses expressing the GTFs of interest (Figure 8, lane 1) . After 48 h, cell extracts were prepared and reacted with anti-HA monoclonal antibodies which speci®cally recognize the exogenous, tagged mAM protein and should coprecipitate any mAM-associated companion. The immune complexes were separated by SDS ± PAGE, transferred to nitrocellulose and probed with speci®c antibodies.
Using this procedure, we undertook a systematic survey of all available recombinant baculoviruses harbouring cloned GTF sequences. Figure 8 shows a selected series of such binding assays. As a preliminary test, we veri®ed that roughly equal amounts of the HAmAM recombinant protein were expressed in each experiment (Figure 8 , WCE in A, WCE1 in E, and data not shown). The results of the binding studies revealed that mAM most speci®cally interacted with two subunits of TFIIH: XPB/ERCC3 and p34 (A and E). Some interaction was also detected with the p62, Cdk7 and Cyclin H subunits of TFIIH (B ± D). However, although the signal of the coprecipitated proteins was repeatedly stronger in the presence of mAM (corresponding lanes 2), the rather elevated levels of non-speci®c binding (see corresponding lanes 1) raised some doubts about the reality of these particular associations. Furthermore, under the same conditions, no interactions could be detected with the p32/MAT1 (F), XPD/ERCC2, p52 and p44 subunits (not shown) of TFIIH.
Our results also suggested an interaction of mAM with the b subunit of TFIIE (G). Because of the relative weakness of the signal corresponding to the TFIIE a subunit which was coexpressed from the same virus as the b subunit (G, lane 1), it was impossible to decide whether or not TFIIE-a interacted with mAM. No signi®cant interaction between mAM and TFIIB or any of the subunits of TFIIF could be revealed with this assay (H and data not shown). Similarly, none of the TFIID subunits (TBP or any of the TAFs) was Figure 8 Interactions between mAM and GTFs as revealed by co-immunoprecipitation experiments. A representative set of experiments showing the interactions between mAM and a series of GTF subunits is presented. Sf9 plates were infected with combinations of recombinant baculoviruses expressing the HA-tagged mAM (HA-mAM) and TFIIH (A ± F), TFIIE (G) or TFIIF (H) subunits, as indicated (Baculoviruses). Extracts were prepared and immunoprecipitated with anti-HA monoclonal antibodies (IP). The immune complexes were analysed by Western-blotting, next to whole cell extracts (WCE), using antibodies directed against the co-expressed subunit, as indicated (WB). Closed arrowheads point to bands corresponding to speci®c GTF subunits (a and b, in G), refer to the two TFIIE subunits that were expressed from the same baculovirus); open arrowheads point to bands corresponding to HA-mAM (A and E). Asterisks mark the positions of the immunoglobulin heavy (H) and light (L) chains that were variably revealed An ATFa-associated transcription repressorfound to coprecipitate with mAM under our conditions (not shown). The assays were negative, even when several TAFs known to interact with each other were collectively coexpressed with mAM to increase the probability of reconstituting functional domains of subcomplexes of TFIID (not shown).
Finally, all the RNAPII subunits (with the exception of the two largest which are not expressed to suciently high levels in our system) were screened for potential contacts with mAM, using a glutathione-S-transferase (GST) pull-down assay (Acker et al., 1997) . Sf9 cells were coinfected with a recombinant baculovirus expressing the HA-tagged mAM protein, together with baculoviruses expressing GST-fusions of the RNAPII subunits. About 48 h after infection, whole cell extracts were prepared and incubated in the presence of glutathione (GSH)-agarose beads to trap the overexpressed GST-tagged subunits, together with potentially associated proteins. As revealed by immunoblot analysis, while roughly equal amounts of the tagged mAM were expressed in each case (Figure 9 , lanes WCE and data not shown), this protein was retained on the GSH-agarose beads only with subunits hRPB3, hRPB4, hRPB7 and hRPB8 ( Figure 9 , lanes 1, 2, 5 and 6), but not with any of the other subunits (see other lanes in Figure 9) . These results indicate that mAM may establish detectable contacts with a particular subset of polymerase subunits.
Discussion
Nucleoplasmic colocalization of mAM and ATFa
Reciprocal coimmunoprecipitation experiments were used to con®rm interactions between mAM and ATFa. Endogenous ATFa was carried along with the endogenous mAM by the anti-mAM antibodies. By contrast, no endogenous mAM could be detected within anti-ATFa immune complexes ( Figure 2B ): this was however most likely due to a lack of sensitivity of the mAM antibodies, since overexpressed mAM was readily detected in the coprecipitates ( Figure 2C ).
The natural endogenous as well as the overexpressed recombinant mAM proteins accumulate within the nucleoplasm. The nuclear localization signal of mAM has been mapped between residues 575 and 613 ( Figure  4 ) and, as compared to other identi®ed NLS motifs (Boulikas, 1994) , most likely corresponds to a bipartite basic element [RRKRSKxxxxxxxxxxRRR] . ATFa is also a nucleoplasmic protein which strongly colocalizes with mAM (Figure 3) .
The mAM and ATFa genes each display a rather ubiquitous pattern of expression during mouse embryogenesis from 9.5 ± 16.5 d.p.c. Both genes are however clearly overexpressed in some tissues and organs. This is particularly striking in the brain, the nasal cavities, the tongue and the epithelium of the salivary glands, the thymus, the lung, the brown fat cells of the neck, the intestine and the seminiferous tubes. The two genes are also overexpressed in several adult mouse tissues: the tongue, the spleen, the epithelium of the intestine, the testis, the uterus, and in speci®c areas of the brain like the hippocampus and the dentate gyrus. Previous studies (Mellstrom et al., 1991) have shown that c-Jun, JunB, and JunD are expressed in the hippocampus and piriform cortex. This colocalization of transcripts from the three types of genes (ATFa, mAM and Jun), together with previous reports showing the existence of ATFa-Jun complexes (van Dam et al., 1993) , further stresses the possibility of interactions between the corresponding proteins and a role in neurogenesis.
ATPase activity of mAM
A Walker-type motif (Walker et al., 1982) re¯ecting the presence of a nucleotide-binding site was revealed by computer analysis of the mAM peptidic sequence. An in vitro assay showed that mAM exhibits an intrinsic ATPase activity and that the nucleotide-binding site is essential for this activity. We cannot exclude however that the assay lacks a factor(s) that would stimulate this activity, as in the case of MOT1 whose ATPase activity is drastically enhanced in the presence of TBP (Auble et al., 1994) . We veri®ed that TBP, which does not bind to mAM (not shown), had no eect on its Figure 9 Interactions between mAM and hRPB subunits as revealed by the GST-pulldown assay. Sf9 plates were infected with combinations of recombinant baculoviruses expressing the HA-tagged mAM (HA-mAM) and GST-fused hRPB subunits, as indicated (Baculoviruses: HA-mAM+). Extracts were prepared and submitted to the GST-pulldown assay (see Materials and methods). Proteins retained on GSH-agarose were analysed by Western-blotting (WB), with anti-mAM antibodies (lanes 1 ± 10); the same blots were reported with an antibody directed against the GST moiety of the fusion proteins (lanes 11 ± 20). A total lysate from cells that were coinfected with viruses expressing HA-mAM and GST-hRPB3 was analysed in parallel (WCE) . The open arrowheads point to bands corresponding to HA-mAM. The bands within the bracket correspond to the GST-hRPB subunits. The ®gure being a mounting from several separate Western-blots aligned on the loading wells, the relative mobilities of the GST-hRPB bands are only indicative. The doublet visible in lane 6 is a staining artefact ATPase activity. Similarly, addition of ATFa to the reaction had no eect on this activity (not shown). It will be of interest to examine whether any of the polypeptides that are able to interact with mAM (TFIIE, TFIIH or RNAPII subunits) are rate-limiting factors that may aect mAM's enzymatic activity.
Transcriptional repression by mAM
The ability of mAM to interact with ATFa raised the possibility that it may modulate the transcriptional stimulation mediated by this factor. A transient expression assay in transfected cells revealed indeed that mAM reduced the level of reporter gene activation by ATFa/JunD heterodimers ( Figure 7A ). The mAM protein most eciently repressed basal transcription activity when it was fused to a DNA-binding domain and directly recruited to the promoter via the corresponding recognition sequence ( Figure 7C ). Together, these observations clearly indicate that promoter targeting of mAM is important for its activity. As expected, mAM also repressed the activity of a natural promoter (from the human junD gene) that harbours multiple target sites for ATFa and/or ATFa/Jun.
Interestingly, the portion of the human homologue of mAM (p621) described by M Gunther, M Laithier and O Brison (EMBL accession number AJ242978) was isolated from a two-hybrid screen of a human colon carcinoma cDNA library, using the Sp1 transcription factor as a bait. These authors found that p621 not only interacted with Sp1 in an in vitro binding assay but also with Elf-1, Oct-1 and SREBP-2 in a two-hybrid assay (personal communication). Therefore, although it remains to be established, we suspect that the Sp1 and Oct-1 sites, also present on the junD promoter, may contribute to the recruitment of mAM and thereby facilitate promoter repression.
ATP hydrolysis was likely not crucial for the mAMmediated transcriptional repression, since it was not dependent on the integrity of mAM's ABS element. We cannot exclude however that a requirement for this ATPase activity is subordinated to particular experimental conditions (cell type, target promoter, . . .). Such a possibility is currently being explored.
Examination of the primary structure of the native mAM did not reveal any canonical DNA-binding element, consistent with our failure to detect bandshifts with various promoter DNA fragments, in the presence of mAM (unpublished observations). It is likely therefore that mAM exerts its eect through protein-protein interactions and may thereby interfere with the assembly of the transcription complex. From our protein binding studies, it appears that mAM primarily establishes contacts with TFIIE, TFIIH and RNAPII. Among these proteins, TFIIE is essential to stabilize the assembled transcription complex by interacting with TBP, TFIIB, TFIIF, TFIIH and the polymerase (Ohkuma, 1997; Hampsey, 1998) . On the other hand, TFIIH plays a central role in triggering polymerase clearance from the promoter site by contributing to the phosphorylation of the RNAPII carboxy-terminal domain (CTD) and to the unwinding of the DNA template, through its Cdk7, XPB and XPD subunits. Recruitment of mAM to speci®c promoters would thus perturb not only the assembly and/or stability of the preinitiation complex, but also the progression of the initiation complex. As a consequence, mAM would contribute to the ®ne-tuning of gene expression.
The next step will be the identi®cation of potential target genes. Clearly, genes harbouring binding sites for ATFa, but also (see above) those controlled by factors like Elf-1, Oct-1, Sp1, SREBP-2 or any combination thereof, will constitute primary candidates. Downregulation of ATFa/JunD-mediated transcriptional activation by mAM did not exceed twofold, under our experimental conditions. It is possible however that, depending on the assortment of promoter-bound factors, the level of transcriptional inhibition may vary. Similar moderate extents of repression (about threefold) have also been observed in the case of the unrelated tumour suppressor Menin which directly binds to JunD, thereby controlling JunD-activated transcription (Agarwal et al., 1999) . Although the detailed mechanism of Menin function is presently unknown, impairment of its JunD binding capacity has dramatic consequences leading to cell transformation such as in multiple endocrine neoplasia (Jensen, 1999; Wenbin et al., 1999) .
Among the cDNA clones which we found in our two-hybrid screen with ATFa, a distinct clone was found (A Bahr, unpublished) that contained a conserved protein kinase domain. The same clone has recently been isolated independently and the corresponding protein (HIPK) reported to act as a corepressor for homeodomain transcription factors (Kim et al., 1998) . If ATFa also interacts with HIPK in mammalian cells, this would be an additional example of a negative regulatory factor that is tethered to the DNA via ATFa.
Materials and methods
Isolation and construction of the full-length mAM cDNA
A partial mAM cDNA (mAMD) was initially isolated by two-hybrid screening of a 10-day mouse embryo VP16-fusion cDNA library (gift from J-M Garnier), using ATFa1 (residues 1 ± 293) as a bait (A Bahr, F De Graeve, C Kedinger and B Chatton, in preparation). To complete this partial cDNA, the original cDNA library was rescreened by hybridization with a 32 P-labelled, 5'-terminal fragment of mAMD, using conventional procedures (Tratner and Verma, 1991) . Four independent overlapping cDNAs were isolated and entirely sequenced. To reconstitute the full-length cDNA, an EcoRI ± HpaI fragment released from the largest recombinant clone was inserted into pTL1-mAMD, a pTL1-based recombinant plasmid bearing the partial mAM cDNA initially isolated.
Recombinant expression vectors
Vector pHA was constructed by inserting an oligonucleotide encoding the haemagglutinin (HA) epitope into the pTL1 expression vector, a derivative of pSG5 (Green et al., 1988) . The pHA-mAM vector was generated by inserting the entire coding region of the mAM cDNA into the polylinker of pHA, in frame with the HA epitope. Mutations of the mAM sequence were constructed by oligonucleotide-directed mutagenesis (Kunkel et al., 1987) of pHA-mAM.
Glutathione-S-transferase (GST)-fusion proteins were expressed from recombinant pBC vectors (Chatton et al., 1995) . The pGST/575-613 vector was generated by cloning a PCRAn ATFa-associated transcription repressorampli®ed mAM cDNA fragment (nt 575 ± 613) into the pBC polylinker, in frame with the GST coding sequence. The hjunD-CAT reporter (Berger and Shaul, 1994) , harbouring the promoter region (from 7294 to 724) of the human junD gene, in front of the chloramphenicol-acetyl-transferase (CAT) coding sequence, was kindly given to us by Y Shaul (Rehovot).
Recombinant baculovirus vectors were constructed as described (O'Reilly et al., 1992; Acker et al., 1997) . Speci®cally, baculovirus DNA was recombined with baculovirus transfer vector (pVL 1393; Pharmingen) in which the mAM cDNA, linked to the HA epitope at its N-terminus, was placed under the control of the viral polyhedrin promoter. The resulting recombinant virus was used to express the HA-mAM fusion protein. The construction of recombinant baculoviruses expressing the TFIID, TFIIH and RNAPII subunits have been described elsewhere (Dubrovskaya et al., 1996; Acker et al., 1997; Bertolotti et al., 1998; Tirode et al., 1999) . The TFIIE and TFIIF baculoviruses were kindly given to us by J Acker (unpublished).
The structure of the ATFa1 recombinants pATFa (equivalent to pATFa1), G4-ATFa1 (Chatton et al., 1993 (Chatton et al., , 1994 and G4 (retaining only the DNA-binding domain of Gal4: 1 ± 148) have been described earlier (Chatton et al., 1993 (Chatton et al., , 1994 . The G4-mAM vectors (G4-wt and G4-ABSD) have been constructed by inserting the wild type mAM cDNA or its ABSD derivative into the pSG11 plasmid a derivative of pSG5 (Green et al., 1988) .
The G4-TK-CAT reporter (Webster et al., 1989) contains the CAT gene driven by the herpes simplex virus thymidine kinase (TK) promoter (7105 to +51) and bears one Gal4 binding sites inserted 5' to the TK promoter.
The JunD expression vector, a pSG5-based plasmid, was a kind gift of B Wasylyk (Strasbourg).
Cells, transfection, infection and extract preparation
F9, P19.6 and COS-7 cells were grown as monolayers in Dulbecco medium supplemented with glucose, HAMF-12, 10% (P19.6 and F9 cells) or 5% (COS-7 cells) foetal calf serum. COS-7 and F9 cells were transfected by calcium phosphate coprecipitation (Banerji et al., 1981; Chen and Okayama, 1987) , with the amounts of recombinant DNA indicated in the ®gure legends, adjusted to 14 mg per 9-cm Petri dish with double-stranded carrier DNA (pBluescript). The medium was changed after 15 h. After an additional 24 h, cells were harvested and cellular extracts were prepared. Sf9 cells, grown in TNM-FH medium supplemented with 10% foetal calf serum, were infected with recombinant baculoviruses at 2 p.f.u. per cell and harvested 48 h postinfection.
Cells were harvested in phosphate buered saline (PBS) and resuspended in lysis buer (0.4 M KCl, 20 mM Tris-HCl, pH 7.5, 20% glycerol, 5 mM dithiothreitol, 0.4 mM PMSF, 2.5 ng/ml each of leupeptin, pepstatin, aprotinin, antipain and chymostatin). After three freeze-thawing cycles in liquid nitrogen, the resulting crude suspension was cleared by centrifugation for 20 min at 10 000 g (Kumar and Chambon, 1988).
Antibodies
A NdeI ± XhoI fragment (comprising the ®rst 1270 bp of mAM) of pHA-mAM was subcloned into the pGEX prokaryotic expression vector, in frame with the GST tag. Expression was induced and fusion-protein puri®ed on glutathione (GSH)-agarose beads followed by elution with reduced glutathione. The GST-mAM fusion product was injected into mice and monoclonal antibodies directed against mAM were selected. Ascites¯uid was produced and the antibodies were puri®ed by successive caprylic acid and ammonium sulfate precipitations (Harlow and Lane, 1988) . A monoclonal antibody (2F10) recognizing the three ATFa isoforms was obtained as previously described (Bocco et al., 1996) . The speci®city of the anti-mAM and anti-ATFa antibodies has been veri®ed (not shown): no cross-reactivity between the antibodies and corresponding antigens could be detected. M73, a monoclonal antibody against adenovirus E1a protein was obtained from E Harlow (Harlow et al., 1986) . Monoclonal antibodies against the GST and HA tags were a gift from Y Lutz. Anti-JunD antibodies were purchased from Santa Cruz Biotechnology.
Immunoprecipitations and immunoblots
After an additional clearing step on protein A-Sepharose to adsorb nonspeci®c binding proteins, aliquots of the cell extracts were incubated (3 h at 48C) with 30 ml of a 50% protein G-Sepharose bead suspension in PBS, along with the antibody. The beads were washed three times with 1 ml of PBS, 0.2% Nonidet P-40, with NaCl adjusted to 250 mM. The proteins were then dissociated by boiling for 5 min in 20 ml sample buer, before SDS-8% polyacrylamide gel electrophoresis (SDS ± PAGE). Speci®c protein analysis by Western blotting was carried out as previously described (Bocco et al., 1996) . Brie¯y, proteins were electrotransferred onto nitrocellulose, reacted with speci®c primary antibodies (see above) and revealed with peroxidase-linked goat antimouse immunoglobulins, using the ECL system (Amersham).
GST-pulldown assay
Aliquots of cell extracts precleared on protein A-Sepharose were incubated with GSH-Sepharose beads and washed three times with 1 ml of PBS, 0.2% Nonidet P-40. The beads were then boiled in the electrophoresis sample buer (20 ml) and the retained proteins were analysed by SDS ± PAGE and immunoblotting as above.
Immunocytochemistry COS-7 cells were grown on glass cover-slips and transfected by calcium phosphate coprecipitation (Chen and Okayama, 1987) with 5 mg of pHA-mAM with or without 250 ng of pATFa and adjusted to 7.5 mg per 3-cm Petri dish with double stranded pBluescript as carrier DNA. After 48 h, the cells were washed twice with PBS and treated for 5 min at room temperature with 2% paraformaldehyde in PBS. The cells were permeabilized by two treatments with 0.1% Triton X-100 in PBS for 10 min each time. After PBS washing, the cells were incubated for 1 h at room temperature with primary antibodies diluted in PBST (PBS, 0.1% Tween 20), washed thrice in PBST, incubated with secondary antibody for 1 h at room temperature (Texas Red conjugated AniPure Donkey Anti-Rabbit IgG [H+L] Jackson ImmunoResearch Laboratories or Oregon Green 488 goat antimouse IgG [H+L] Molecular Probes) and washed thrice in PBST in the dark. DNA was counterstained with Hoechst 33258 dye and the preparations were mounted in glycerol/ PBS (4/1) containing 5% propylgallate.
Observations were made with a confocal microscope (Leica TCS 4 D) equipped with an argon-krypton laser and suitable barrier ®lters. A high resolution ®lm recorder was used to obtain microphotographs.
CAT assay
Cellular extracts were assayed for CAT activities as previously described (Gorman et al., 1982; Webster et al., 1989) . Depending on their expected activities, the extracts were assayed by testing protein samples of 30 ± 300 mg (CAT activity was linear with increasing protein concentrations, up to *500 mg per assay). Results were ®nally normalized on the basis of the amount of protein used. Each transfection experiment was repeated at least four times. The per cent acetylation of chloramphenicol was determined by thin-layer chromatography and phosphorimager counting.
ATPase assay
Enzymatic hydrolysis of ATP was assessed as previously described on speci®c immunoprecipitates (Roy et al., 1994) . Brie¯y, the reactions were performed at 308C for 3 h. Eluted proteins (about 20 ng) were incorporated in a ®nal volume of 30 ml adjusted to 20 mM Tris-HCl, pH 7.9, 4 mM MgCl 2 , 50 mg/ml BSA, 1 mM DTT, 1 mCi of [g 32 ]-ATP and 1 nmol radio-inert ATP. The per cent of 32 Pi was determined by phosphorimager counting after thin layer chromatography on PEI plates that were run in 50 ml of 0.5 M LiCl and 1 M formic acid.
In situ hybridization
Pregnant females from natural overnight matings were sacri®ced by cervical dislocation and the embryos explanted in PBS. Embryos were dipped in isopentane (5 min), frozen on the surface of dry ice and in situ hybridization was performed on frozen embryo sections, as described (DeÂ cimo et al., 1995) . The mAM sense and antisense riboprobes were generated as follows: a linearized recombinant plasmid recovered by in vivo excision of the lZAP II clone containing the 5'-terminal 2500 bp of the mAM cDNA, was transcribed using the T3 (sense) and T7 (antisense) RNA polymerases and [ 35 S]-CTP (Amersham, manufacturer's reagents and instructions). Probe length was reduced by alkaline hydrolysis with 0.1 M NaOH. Autoradiography was for 2 weeks. Histological sections were photographed under a Nikon Optophot-2 microscope (high magni®cations) or a Nikon SMZU stereomicroscope (low magni®cations) in bright ®eld and/or dark ®eld illumination. Abbreviations ATF, activating transcription factor; CAT, chloramphenicol acetyl transferase; CREB, cAMP responsive element binding protein; GSH, glutathione; GST, glutathione Stransferase; GTFs, general transcription factors; HA, hemagglutinin; JNK2, c-Jun N-terminal-associated Kinase 2; NLS, nuclear localisation signal; RNAPII, RNA polymerase II.
